The mouse is a promising model in the study of visual system function and development because of available genetic tools. However, a quantitative analysis of visual receptive field properties had not been performed in the mouse superior colliculus (SC) despite its importance in mouse vision and its usefulness in developmental studies. We have made single-unit extracellular recordings from superficial layers of the SC in urethane-anesthetized C57BL/6 mice. We first map receptive fields with flashing spot stimuli and show that most SC neurons have spatially overlapped ON and OFF subfields. With drifting sinusoidal gratings, we then determine the tuning properties of individual SC neurons, including selectivity for stimulus direction and orientation, spatial frequency tuning, temporal frequency tuning, response linearity, and size preference. A wide range of receptive field sizes and selectivity are observed across the population and in various subtypes of SC neurons identified morphologically. In particular, orientation-selective responses are discovered in the mouse SC, and they are not affected by cortical lesion or long-term visual deprivation. However, ON/OFF characteristics and spatial frequency tuning of SC neurons are influenced by cortical inputs and require visual experience during development. Together, our results provide essential information for future investigations on the functional development of the superior colliculus.
Introduction
Mice have gradually become a model system in vision research. This is mainly attributable to two reasons. First, advances in mouse genetics have made it possible to identify subtypes of neurons within a given brain structure, to trace synaptic connectivity, and to manipulate gene expression and neuronal activity in a spatially and temporally controlled manner (Callaway, 2005; Zhang et al., 2007; Luo et al., 2008) . These genetic tools provide great promise to the study of visual system function and development. Indeed, several subtypes of retinal ganglion cells (RGCs) have been identified in mice and their response properties and projection patterns are being revealed (Huberman et al., 2008 (Huberman et al., , 2009 Kim et al., 2008) . Second, recent behavioral and physiological studies have demonstrated that the mouse visual system has better capabilities than previously thought and it possesses most of the functional features seen in higher mammals Niell and Stryker, 2008; Umino et al., 2008) . The receptive fields in mouse dorsal lateral geniculate nucleus (dLGN) and primary visual cortex (V1) have been recharacterized recently using modern visual stimuli and quantitative analyses (Grubb and Thompson, 2003; Niell and Stryker, 2008) . Surprisingly, the superior colliculus (SC) has not been restudied with a similar approach, despite its importance in mouse vision and in the studies of topographic map formation.
The SC is the most prominent retinal target in the mouse. It is estimated that at least 70% of mouse RGCs project to the superficial layers of the SC (Hofbauer and Dräger, 1985) , where their axons are organized in a retinotopic manner (McLaughlin and O'Leary, 2005) . In rodents, the SC also receives cortical projections that are aligned with the retinocollicular map (Rhoades and Chalupa, 1978) . The use of mouse genetics has greatly advanced our understanding of how retinocollicular maps are established during development (Clandinin and Feldheim, 2009 ) and matched with corticocollicular projections (Triplett et al., 2009) . The transgenic mice generated in these studies thus provide great opportunities to investigate how retinal and cortical projections each contribute to the development of SC functions (Chandrasekaran et al., 2007 (Chandrasekaran et al., , 2009 L. Wang et al., 2009) . Importantly, such investigations would require the knowledge of receptive field properties in the wild-type SC. Furthermore, given that the SC is heavily innervated by both the retina and cortex and that visual deprivation in rodents affects the two structures differently (Fagiolini et al., 2003; Elstrott et al., 2008) , it is of great interest to study whether visual experience is required for the normal development of collicular receptive fields.
The purpose of the current study is therefore threefold: (1) to quantitatively describe visual receptive field properties in the SC of wild-type mice, (2) to reveal cortical influence on SC receptive fields, and (3) to determine the requirement of visual experience in SC receptive field development. The obtained results will thus provide a foundation for future studies using genetic methods to station (Tucker-Davis Technologies) , and the spike waveforms were further sorted off-line into single units using OpenSorter (Tucker-Davis Technologies) .
For SC recordings with intact cortex, the electrodes were inserted vertically into the overlaying cortex at a distance of 0.7-1.5 mm lateral of the midline suture and 0.2-0.8 mm anterior to the lambda suture. The identification of SC surface (located 1-1.5 mm below the cortical surface) followed the procedure in our previous study (L. Wang et al., 2009) . Only neurons within 300 m below the SC surface were included in our analysis, corresponding to the superficial retinal recipient layers of the SC. V1 recordings were performed at 2.8 -3.3 mm lateral from the midline and 0.5-1.0 mm anterior from the lambda suture (Cang et al., 2005) . Penetrations were made perpendicular to the pial surface and up to a depth of 700 m, thus including cells across all layers of the visual cortex. To record from the SC in the absence of cortical inputs, ϳ4 ϫ 4 mm 2 overlaying tissues (from midline and lambda suture) were removed by aspiration to expose the SC, before inserting tungsten electrodes. The animals were killed at the end of recordings by an overdose of euthanasia solution (150 mg/kg pentobarbital, in Euthasol; Virbac). The lesioned brains were then perfused and sectioned to confirm the extent of cortical lesion.
Visual stimuli and data analysis. Visual stimuli were generated with customized Matlab programs (Niell and Stryker, 2008) using the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . The stimuli were displayed on a flat panel cathode ray tube video monitor (40 ϫ 30 cm, 60 Hz refresh rate, ϳ35 cd/m 2 mean luminance) placed 25 cm from the animal, and delivered to the eye contralateral to the recorded hemisphere while the ipsilateral eye was occluded. With the animal's eyes ϳ5 cm above the lower edge of the monitor, the monitor covered ϳ0 -80°n asotemporally and Ϫ10 -50°ventrodorsally in visual space. Stimulus sets included a blank condition in which the screen was at mean luminance. Responses to all such blank presentations were averaged to obtain the spontaneous firing rate.
To determine receptive field structures of SC neurons, 5°light squares were flashed at different locations on either a 13 ϫ 13 or 11 ϫ 11 grid with 5°spacing. The flashes stayed ON for 500 ms on a gray background and OFF for 500 ms between stimuli, and were repeated for at least five times for each grid location in a pseudorandom sequence. Average spike rate in response to flash onset and offset were calculated for each grid location after subtracting the spontaneous rate. The ON-and OFF-evoked spike rates on the grid were each fitted with a two-dimensional Gaussian distribution with independent SDs, a and b, in the coordinate system defined by the axes of the response field, as shown in the following equation:
where xЈ and yЈ are the polar transformations of space coordinates x and y at an angle , along which the Gaussian distribution is oriented. The center of the Gaussian was determined as the location where the maximum response was observed. Consequently, two independently fitted ellipses describing the ON and the OFF subfields of the receptive field of a cell were obtained. The area enclosed by the fitted ellipse (with a and b as its semimajor and semiminor axes) was used to quantify the area covered by each subfield (Area on and Area off ). The relative strengths and spatial relationship of the ON and OFF subfields were then quantified by response ratio, area ratio, overlap index (OI), and correlation coefficient. Response ratio was calculated with peak ON and OFF responses, (R on,max Ϫ R off,max )/(R on,max ϩ R off,max ), and area ratio was as follows: (Area on Ϫ Area off )/(Area on ϩ Area off ). The overlap index (Schiller et al., 1976; Liu et al., 2009) incorporates the size of subfields as well as the closeness of their centers to indicate the degree of overlap between ON and OFF subfields: OI ϭ (W 1 ϩ W 2 Ϫ c)/(W 1 ϩ W 2 ϩ c), where W 1 and W 2 are the half-widths of the subfields measured along the line joining the subfield centers and c is the distance between the ON and OFF subfield centers. An OI of 1 thus indicates complete overlap, whereas zero or negative OI, no overlap.
Correlation coefficient (r) was a correlation measure between ON and OFF responses (R ON,i and R OFF,i ) at each grid location i and was calculated from raw spike rates independent of fitting (Priebe et al., 2004; Liu et al., 2009 ) as follows:
Drifting sinusoidal gratings of 100% contrast were presented to probe selectivity for stimulus direction/orientation and spatial/temporal frequency tuning. The drifting direction was varied between 0 and 360°(12 steps, 30°spacing), spatial frequency between 0.01 and 0.32 cpd (6 logarithmic steps), and temporal frequency between 0.5 and 8 Hz (5 logarithmic steps). In any stimulus set, only two parameters were varied, either direction and spatial frequency or direction and temporal frequency. A temporal frequency of 2 Hz was used when probing for spatial frequency tuning and direction/orientation selectivity. When varying temporal frequencies, the preferred spatial frequency for each cell was first determined and used.
Each stimulus of given direction and spatial/temporal frequency (or a blank condition) was presented for 1.5 s in a pseudorandom order for four to six trials. The interval between stimuli was 0.5 s. The response to a particular stimulus condition, R, was obtained by averaging the number of spikes over the 1.5 s stimulus duration, across all trials and subtracting the spontaneous rate. We determined the direction at which the response was the greatest when averaged over all spatial frequencies, and the preferred spatial frequency was the one that yielded the maximum response at this direction. Note cells that preferred 0.01 or 0.32 cpd in our analyses might be tuned to even lower or higher spatial frequencies as no other values were tested.
A direction tuning curve was obtained for responses to all directions at the preferred spatial frequency. The preferred direction ( pref ) was determined as the one that evoked maximum response. The depth of modulation was described using two parameters: (1) direction selectivity index (DSI) ϭ (R pref Ϫ R opp )/(R pref ϩ R opp ), where R pref was the response at pref and R opp at pref ϩ; and (2) orientation selectivity index (OSI) ϭ (RЈ pref Ϫ R orth )/(RЈ pref ϩ R orth ), where RЈ pref was the mean response of R pref and R opp (as pref and pref ϩ had the same orientation), and R orth was the mean response to the two directions orthogonal to pref . Note that the OSI was calculated differently from that in the studies by Niell and Stryker (2008) , L. Wang et al. (2009) , and B. S. Wang et al. (2010) , where R pref was used instead of RЈ pref . The tuning curves were fitted with a sum of two Gaussians centered at pref and pref ϩ using the nlinfit function in Matlab (The MathWorks), and the tuning width was calculated as the half-width at half-maximum of the fitted curve above the baseline (Niell and Stryker, 2008) .
Linearity of response to drifting gratings was calculated at the preferred direction and spatial frequency by first binning the response at 100 ms intervals (minus the spontaneous rate) and then applying a discrete Fourier transform to compute F1/F0, the ratio of the first harmonic (response at the drift frequency) to the mean response (Niell and Stryker, 2008) .
For analyzing temporal frequency tuning, response magnitude was again calculated by averaging over the 1.5 s stimulus duration. The tuning curves were obtained by choosing the responses to all temporal frequencies at the preferred direction, which was determined as the one in which peak response was observed. The preferred temporal frequency was then determined without curve fitting. Note that the classification of cells preferring 0.5 Hz could be confounded by the fact that no lower values were tested and the gratings did not complete a full cycle within the stimulus duration.
Two types of stimuli were used to study the selectivity of SC neurons for stimulus size. First, circular light flashes of varying sizes (2-30°in radius, eight steps on a linear scale) were centered on the receptive field determined using the flashing spot stimuli described above. Flashes of different sizes appeared ON for 500 ms, 1 s, or 2 s and were followed by a blank screen of background luminance for the same duration. Responses were separated into ON and OFF depending on their occurrence either after flash onset or offset. The preferred size was the size at which maximal response was obtained. Second, sinusoidal gratings drifting along different directions were presented in circular patches of varying sizes (2-32°in radius; five steps at a logarithmic scale). The gratings were presented at the preferred spatial frequency of the cell (as determined by full screen stimuli, as above), temporal frequency of 2 Hz and centered at the receptive field (determined by flashing spot stimuli). The preferred direction was the one at which the peak response was observed and the size of the patch at the peak response was determined as the preferred size. Note that a complete cycle of gratings might not be contained by the small patches at any given time, but instead drifted through them for three full cycles during the stimulus duration.
Juxtacellular labeling. Juxtacellular labeling was performed to reveal the morphology of the recorded SC neurons in a number of experiments. In these experiments, the overlaying tissues were removed by aspiration to expose the SC, facilitating the insertion of borosilicate glass pipettes (tip diameter of 0.5-4 m; filled with 1-4% biocytin in 1 M NaCl). After isolating a single unit and recording its visually evoked responses, the pipette was further advanced toward the cell to achieve juxtacellular configuration, which was confirmed by the ability to drive the firing of the cell with positive current injection (Pinault, 1996) . Biocytin was then electrophoresed to label the recorded cell by applying positive current steps (1-5 nA, 2 Hz, 50% duty cycle) through a MultiClamp 700B amplifier (Molecular Devices). Spike shape and amplitude were closely monitored throughout recording, pipette advancing, and current injection to ensure that only one single neuron was recorded and subsequently labeled. After 15-45 min of current injection, the mice were allowed to survive for at least 2 h before perfusion with 4% paraformaldehyde (Electron Microscopy Science). The brain was then removed and cut into 100 m parasagittal sections with a vibratome. The labeled cells were revealed by visualizing biocytin with streptavidin-Alexa Fluor 488 conjugate (Invitrogen), following a published protocol (Wilson and Sachdev, 2004) . Images were taken under a Zeiss fluorescent microscope. All labeled neurons, which were recorded with the pipette tips within 300 m below the SC surface, were confirmed to be within the stratum griseum superficiale (SGS).
The visually evoked responses of individually labeled cells in these experiments were analyzed to reveal their receptive field properties. Because of the low rate of successful juxtacellular labeling, we included in our analysis cells whose flash-induced responses could not be appropriately fitted. Consequently, we simply counted the number of grid points where flashes evoked responses to quantify their receptive field sizes. For the same reason, we combined responses to drifting gratings and sweeping bars (L. Wang et al., 2009) in analyzing the orientation/direction selectivity of these labeled cells.
Statistical analysis. All values were presented as mean Ϯ SEM. Statistical analyses and graph plotting were done with Prism (GraphPad Software) and Matlab (The MathWorks). In figures, *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results

Mouse SC neurons have overlapped ON/OFF subregions in their receptive fields
To determine receptive field structure of mouse SC neurons, we recorded their single-unit activity in response to a small spot flashed at different positions in the visual field (Fig. 1A) . Such stimuli were effective in driving almost all recorded superficial SC neurons (n ϭ 115 of 122, 26 mice), when appearing within their receptive fields (Fig. 1 B) . Most cells responded to both onset and offset of the flashes at the same visual field locations ( Fig. 1 A, B) . We thus separated the stimulus-evoked spikes into ON and OFF responses at each location to quantify their relationship. The vast majority of SC neurons (90.4%; n ϭ 104 of 115) showed both ON and OFF responses, whereas only 6.1% showed only ON (n ϭ 7 of 115) and 3.5% (n ϭ 4 of 115) OFF responses (Fig. 1C) , consistent with previous studies of the mouse SC (Dräger and Hubel, 1976; Chandrasekaran et al., 2007) . We calculated the average ON and OFF firing rates to each stimulus position and then computed a response ratio to measure the relative strength between the strongest responses, with positive reflecting stronger ON and negative, stronger OFF (see Materials and Methods). The peak of the response ratio histogram fell around zero (Fig. 1 D) (median, 0.11; mean, 0.11 Ϯ 0.03; n ϭ 115), indicating that most neurons had similar maximum response to flash onset and offset. We next calculated Pearson's correlation coefficient between ON and OFF responses to compare their spatial distribution (see Materials and Methods). This coefficient was close to 1 for most cells (Fig. 1 E) (median, 0.78; mean, 0.69 Ϯ 0.02; n ϭ 114), indicating that ON and OFF responses had similar magnitude at the same locations in the visual field. Few cells had negative correlation coefficients (n ϭ 4 of 114) (Fig. 1 E) , as would be seen for cortical simple cells that have spatially offset ON and OFF subfields To further quantify the spatial overlap between ON and OFF responses, we calculated an OI, which measures the separation between the ON and OFF peak responses in relationship to the sizes of both subfields (see Materials and Methods). For individual cells, we fitted the ON and OFF responses each with a twodimensional Gaussian (Fig. 2 A, 2C,D) and the vast majority (85%; n ϭ 62 of 73) were Ͼ0.5, confirming large overlap between ON and OFF subfields. As expected, the SC neurons with higher OI had stronger correlation between ON and OFF responses (Fig. 2 E) .
Fitting the subfields using Gaussians also allowed us to quantitatively describe the size of the ON and OFF subfields. Overall, the ON (107.5 Ϯ 14.9 deg 2 ; median, 70.4 deg 2 ; n ϭ 85) (Fig. 2 F) and OFF subfields (111.5 Ϯ 12.5 deg 2 ; median, 83.4 deg 2 ; n ϭ 92) (Fig. 2G) were similar in size. For individual cells, we compared the relative size of the two subfields by calculating an area ratio (see Materials and Methods). Although slightly more neurons had negative values (mean, Ϫ0.08 Ϯ 0.04; median, Ϫ0.12; n ϭ 73), the area ratio clustered near zero (Fig. 2 H) , confirming that the ON and OFF subfields were mostly similar in the same neurons.
Mouse SC neurons show orientation and direction selectivity
To study the tuning properties of SC neurons, we presented drifting sinusoidal gratings of varying moving directions (12 steps at 30°spacing) and spatial frequencies (0.01-0.32 cycles per degree) (Fig. 3 A, B) . A wide range of response selectivity was observed. Like in rats (Girman and Lund, 2007; Prévost et al., 2007) , we found that some SC neurons displayed high orientation selectivity to the gratings. The neuron in Figure 3B -D, for example, responded similarly to gratings of the same orientation but drifting along opposite directions (e.g., 0 vs 180°, and 330 vs 150°). In contrast, some neurons were highly selective for moving direction, sometimes displaying a complete preference for one direction over its opposite (Fig. 3E ). Other neurons, however, responded similarly to all directions of motion. To quantify the degree of direction/orientation selectivity, we calculated a DSI and an OSI for all the neurons that responded to the drifting gratings (n ϭ 125 of 131). Overall, the mean DSI was 0.39 Ϯ 0.03 (n ϭ 125) (Fig. 4 B) and 30% of cells (n ϭ 37 of 125) had DSI Ն 0.5, a 3:1 ratio for the preferred direction over its opposite. We also examined the relationship between the DSI and preferred directions of individual SC neurons and found no bias in preference toward certain directions (Fig. 4 A) . This result differs from a previous study, which reported that the majority of directionselective SC neurons in the mouse preferred upward motion (Dräger and Hubel, 1976) .
To calculate the OSI, we averaged the responses evoked by the preferred direction and its opposite direction to obtain the response to the preferred orientation (see Materials and Methods) . Across the population, 33% of SC cells (n ϭ 41 of 125) were found to have OSI Ն 0.5 (Fig. 4C ) (with mean of 0.41 Ϯ 0.03). Importantly, a cell with high OSI could in fact be directionselective because of how the OSI was calculated. For example, the cell shown in Figure 3E , which was clearly direction selective instead of orientation selective, had OSI of 1 because of its zero response to the directions orthogonal to the preferred one. We therefore examined the distribution of the DSI in the context of different OSIs (Fig. 4C) . In the group of cells with OSI Ն 0.5 (n ϭ 41), 22 cells had DSI Ͻ 0.5, indicating that many cells in this group were truly orientation selective. The fact that some direction-selective cells had low OSI (Fig. 4C) suggested that these cells were tuned to a broad range near their preferred directions. Indeed, we found that the tuning width (half-width at the half-maximum) (see Materials and Methods) of all SC neurons were quite large on average, with mean of 40.9°Ϯ 1.3°and median of 42.8°(n ϭ 108) (Fig. 4 D) .
As shown by the example in Figure 3D , SC neurons responded preferentially to particular spatial frequencies. Almost all SC neurons were tuned to the midrange of the tested spatial frequencies, with their preferred values ranging from 0.02 to 0.16 cpd (Fig. 4 E) . We also investigated SC temporal frequency tuning by presenting sinusoidal gratings at the preferred spatial frequency of individual neurons. Most cells (97%; n ϭ 62 of 64) preferred temporal frequencies between 0.5 and 4 Hz (Fig. 4 F) . The highest percentage (34%) of cells preferred 2 Hz, the value used in the experiments to examine direction selectivity and spatial tuning.
Using sinusoidal gratings, we were able to examine the linearity of SC neurons (Skottun et al., 1991) . A number of SC cells showed periodic modulation of firing rate at the drifting frequency of the gratings (2 Hz, as seen for example at 0.04 cpd in Fig. 3B ), indicating that they were "linear." This linearity can be quantified by calculating an F1/F0 ratio, the ratio of the response at the drifting frequency to the mean response (Niell and Stryker, 2008 ). An F1/F0 value Ͻ1 is commonly considered as a nonlinear response, and Ͼ1 as linear (Skottun et al., 1991) . At the preferred spatial frequencies, the F1/F0 ratio of SC neurons displayed a bimodal distribution (Fig. 4G) , with most cells Ͻ1 (n ϭ 93 of 125; 74%). This distribution is quite different from that in the mouse visual cortex, where linear and nonlinear cells are approximately equal in numbers (Niell and Stryker, 2008 ) (see below). The relatively small population of linear neurons in the SC appeared to be consistent with the fact that most SC cells had spatially overlapped ON and OFF subfields (Fig. 2) . We therefore examined the relationship between F1/F0 ratio and the OI determined by the flashing spot stimuli. There was indeed a significant correlation between the two (r 2 ϭ 0.17; p Ͻ 0.01; n ϭ 41) (Fig. 4 H) , with cells of greater OI (more overlapped subfields) having lower F1/F0 (less linear). However, the F1/F0 ratio for a given OI varied widely, occupying almost the whole range. In fact, even for the cells that responded to ON or OFF stimulus only, very different F1/F0 values were observed (Fig. 4 H) . The above analyses therefore indicate that linearity in the SC is not solely determined by the spatial segregation of ON and OFF subfields. Furthermore, we found that many SC neurons displayed greater F1/F0 values at the spatial frequency immediately below their preferred ones (0.77 Ϯ 0.05 vs 0.65 Ϯ 0.05) (Fig. 3B) . A small number of nonlinear cells even became linear at the lower spatial frequency (n ϭ 17 of 125 compared with 4 cells switching from linear to nonlinear), similar to what was reported for cortical complex cells (Movshon et al., 1978a) .
Mouse SC neurons prefer visual stimulus of certain size
We next determined how stimulus size influences firing properties in the mouse SC, as size selectivity is an important tuning property for SC neurons in all species studied (Binns and Salt, 1997b; Razak and Pallas, 2006) . To do this, we used two types of visual stimuli: flashes and drifting gratings displayed in circles of different sizes that were centered on the receptive field.
In response to flashes of increasing sizes, SC neurons displayed selectivity for optimally small stimuli. The neuron shown in Figure 5A , for example, responded robustly to both ON and OFF flashes of 6 and 10°, again indicating the overlap of ON and OFF subfields. Both ON and OFF responses decreased with bigger flashes (Fig. 5 A, B) , presumably suppressed by surround inhibition (Binns and Salt, 1997b) . For each neuron, we calculated a ratio of the response evoked by the largest flash (ON and OFF together) to its maximum response. This ratio was near zero for most neurons as they were completely suppressed by the bigger stimulus (median, 0.02; mean, 0.09 Ϯ 0.03; n ϭ 43), and some even had negative values as their firing rate fell below the spontaneous rate in response to the large flash (30°in radius).
Across population, ON and OFF responses showed very similar distributions of preferred sizes (Fig. 5C) , even though the preferred size could be different for the same cells (Fig. 5B) . Overall, most SC neurons preferred flashes with the radius of 6 -10°, similar to the range of receptive field areas obtained through flashing spot mapping (Fig. 2 F, G) . SC neurons displayed a similar selectivity for stimulus size in response to drifting gratings of varying sizes (Fig. 5D ), but the degree of suppression was smaller compared with the flashes (Fig. 5E) . Interestingly, neurons with smaller receptive fields were suppressed more by the larger stimulus (Fig. 5E ) ( p Ͻ 0.001; n ϭ 30). We next examined whether the tuning properties determined by full screen gratings were similar to those in response to the stimulus of optimal size. Even . D, Distribution of the preferred sizes to drifting gratings (n ϭ 49). E, Ratio of the response evoked by the largest grating to that evoked by the preferred size is plotted against receptive field size for individual neurons (r 2 ϭ 0.56; p Ͻ 0.001; n ϭ 30). F, Difference in preferred direction in response to optimally sized and full-field gratings is plotted against the DSI at the preferred size (n ϭ 49). G, Similar tuning widths in response to gratings at the preferred size and at full screen (r 2 ϭ 0.35; p Ͻ 0.01; n ϭ 24).
though many cells had different preferred directions at the two sizes, the larger differences were limited to the cells with low DSI (Fig. 5F ), for which the preferred direction was essentially meaningless. For highly selective cells, the difference was mostly within the range of 30°, the resolution we used in examining direction selectivity. In addition, the tuning widths of most selective cells were also similar at the two conditions (Fig. 5G) , indicating SC tuning properties were mostly independent of stimulus size.
Some, but not all, SC tuning properties are influenced by cortical inputs
Mouse visual cortex is a well established model in studying experience-dependent development (Hensch, 2005) , and more recently, receptive field properties Stryker, 2008, 2010; Andermann et al., 2010) . Because the superficial SC receives retinotopically organized inputs from V1 (Bereshpolova et al., 2006; Triplett et al., 2009) , cortical neurons could modulate the response properties of SC neurons. To test this, we first compared cortical and collicular responses under the same recording conditions and then determined the effect of cortical lesion (Fig. 6 A) on SC receptive fields. Like in other species, V1 neurons in the mouse are highly orientation selective (Niell and Stryker, 2008 ; B. S. Wang et al., 2010) . When compared with collicular neurons, mouse V1 neurons showed a greater degree of orientation selectivity, displaying higher OSI (Fig. 6 B) ( p Ͻ 0.001, Kolmogorov-Smirnov test; same below, unless otherwise indicated) and narrower tuning width (Fig. 6C) ( p Ͻ 0.001). To test whether orientation selectivity in the SC could be derived from cortical inputs, we studied SC orientation tuning after removing V1 (Fig. 6 B, C) . No significant difference was observed for either OSI ( p ϭ 0.49) or tuning width ( p ϭ 0.33), indicating that the orientation selectivity in the SC must emerge from retinocollicular and/or intracollicular circuitry. Interestingly, the DSI of SC neurons was found to be greater in the absence of cortical input (Fig. 6D) ( p Ͻ 0.05), even though cortical neurons were slightly more selective than SC neurons ( p Ͻ 0.05). We further confirmed these observations by showing that cortical lesion increased the percentage of highly direction-selective cells (DSI Ն 0.5) (Fig. 6E) , but did not change that of orientationselective cells (OSI Ն 0.5 and DSI Ͻ 0.5). The effect of removing V1 input was also seen for spatial frequency tuning, where the distribution of preferred spatial frequency was altered in the absence of cortical input (Fig. 6F) ( p Ͻ 0.001, 2 test). In particular, slightly more cells preferred to 0.16 and 0.32 cpd, consistent with the result that V1 neurons are tuned to lower spatial frequencies compared with the SC (Fig. 6F) (Niell and Stryker, 2008) . Similar percentage of ON, OFF, and ON-OFF cells were found in the SC on cortical lesion (Fig. 6 H) ( p ϭ 0.17 compared with normal, 2 test), but the spatial overlap between ON and OFF subfields became weaker as quantified by both correlation coefficient (Fig. 6 I) ( p Ͻ 0.001) and overlap index (Fig. 6 J) ( p Ͻ 0.05). No significant difference was observed in receptive field size (Fig. 6 K) , although the ON subfields showed a trend of increase ( p ϭ 0.07 for ON area, p ϭ 0.95 for OFF area; t test). No difference was seen in the evoked firing rates between the two conditions, whereas the spontaneous rate was higher on cortical lesion (Fig. 6 L) . Finally, we examined cortical influence on the linearity of collicular responses. More V1 neurons were linear, compared with that in the SC ( p Ͻ 0.001) (Fig. 6G) . Removing cortical inputs, however, did not change linearity in the SC ( p ϭ 0.19) (Fig. 6G) , despite a decrease in overlap between ON and OFF subfields. This is consistent with the result shown in Figure  4 H that linearity in the SC may not simply come from the spatial segregation of ON and OFF subfields.
Together, these results indicate that SC neurons show very different tuning properties from V1 neurons and that some, but not all, of the tuning properties are influenced by cortical inputs.
Visual experience plays a limited role in the development of SC response properties
Much work has been done to assess the role of visual experience in the development of retinal and visual cortical functions. For example, rearing mice in complete darkness from birth to adulthood is known to decrease cortical orientation selectivity (Fagiolini et al., 2003) but has no effect on direction selectivity in the retina (Elstrott et al., 2008) . Given that the SC is heavily innervated by both structures, we were interested in whether visual deprivation affects SC receptive fields in the mouse.
In mice dark-reared (DR) from birth to approximately postnatal day 60, when receptive field properties have normally matured, we found that more SC neurons had ON only responses than in the normally reared (NR) controls (Fig. 7A) (n ϭ 14 of 71 in DR; p Ͻ 0.001, 2 test). No significant difference was observed for the area of ON and OFF subfields between DR and NR animals, although the OFF subfields showed a trend of decrease (Fig.  7B ). For neurons with both well fitted ON and OFF subfields, their overlap index did not change either (Fig. 7C ) (n ϭ 29; p ϭ 0.81), suggesting that the convergence of ON/OFF inputs to the SC does not require visual experience. Interestingly, SC neurons in the DR mice were tuned to higher spatial frequencies when tested with drifting gratings (Fig. 7D) ( p Ͻ 0.001, 2 test). However, dark rearing did not change orientation or direction selectivity in the SC (Fig. 7 E, F ) , unlike its effect on cortical neurons (Fagiolini et al., 2003) . Overall, our experiments suggest that long-term visual deprivation during development only alters limited aspects of receptive field properties in the SC.
Response properties of different types of superficial SC neurons
The above experiments revealed that individual superficial SC neurons have diverse response properties. We wanted to determine whether such diversity came from different subtypes of SC neurons or from different responses within the same subtypes. As an initial attempt to examine cell type-specific responses in the SC, we performed juxtacellular labeling to reveal the morphology of neurons after recording their visually evoked responses (see Materials and Methods).
Using this method, we were able to identify 22 individually labeled superficial SC neurons (n ϭ 16 mice). Based on their similar morphology (Langer and Lund, 1974; Tokunaga and Otani, 1976) , we grouped seven as putative narrow field vertical (NFV) cells (supplemental Table 1 , group 1, available at www. jneurosci.org as supplemental material). Four cells appeared to be putative wide field vertical (WFV) cells (supplemental Table 1 , group 2, available at www.jneurosci.org as supplemental material). Both NFV and WFV cells are known glutamatergic neurons that project to intermediate layers in the SC and other subcortical areas (Lee et al., 2001) . We also labeled three horizontal cells (supplemental Table 1 , group 3, available at www.jneurosci.org as supplemental material), which are GABAergic interneurons with horizontally extended dendrites (Lee et al., 2001 ). The remaining eight cells were difficult to classify using the current method but were clearly different from the other three classes. We thus grouped them into "others" (supplemental Table 1 , group 4, available at www.jneurosci.org as supplemental material). These may include marginal cells, stellate cells, and piriform cells, all of which are likely to be inhibitory (Lee et al., 2001) .
Shown in Figure 8 A is a putative NFV neuron, whose cell body was located ϳ100 m below the SC surface and dendritic field extended vertically. Its dendritic tree was at most 100 m in width, and its axon extended parallel to the SC surface in deeper layers. This cell had a small receptive field, covering only nine grid locations (Fig. 8 D) (see Materials and Methods). However, across the population, the smaller dendritic fields of these cells did not necessarily lead to smaller receptive fields. In fact, the distribution of their receptive field sizes covered a wide range, comparable with other groups (Fig. 8 D) . Similarly, wide ranges of direction and orientation selectivity were seen for these cells (Fig. 8 E, F ) . The putative WFV neurons were located in the lower SGS and had wider dendritic trees (Fig. 8 B) , consistent with a previous report in rats (Langer and Lund, 1974) . Although the cell in Figure 8 B had a huge receptive field, covering almost the entire stimulus monitor, the other cells in this group had smaller receptive fields similar to the putative NFV cells (Fig. 8 D) .
Horizontal cells (Fig. 8C ) are believed to be prominent in providing long-range lateral inhibition in the SGS (Langer and Lund, 1974; Lee et al., 2001 ). However, the three identified horizontal cells all had compact and circular receptive fields (Fig.  8 D) , despite their horizontally extended dendritic fields. The other putative inhibitory neurons had similar sizes of receptive fields (Fig. 8 D) , but appeared to be more direction and orientation selective than other cell types (Fig. 8 E, F ) . Together, these experiments reveal that the same subtypes of SGS neurons have wide ranges of response properties, including receptive field size and direction/orientation tuning. However, because of the limited number of cells in each subtype, we could not confirm or rule out whether different subtypes of SGS neurons have different tuning properties.
Discussion
Receptive field properties in the mouse SC Although mice have been an instrumental model in the study of visual system development and plasticity, only a handful of papers have reported visually evoked retinotopic maps or singleunit responses in its most prominent central visual structure, the SC (Dräger and Hubel, 1975; Mrsic-Flogel et al., 2005; Chandrasekaran et al., 2007; Cang et al., 2008) . We have therefore provided the first quantitative and thorough analysis of response properties of superficial SC neurons in wild-type mice. First, we quantified the spatial structure of collicular receptive fields. The size of ON and OFF subfields we determined is in line with previous studies, although subfields were not separately analyzed previously (Dräger and Hubel, 1975; Chandrasekaran et al., 2007) . By separating the ON and OFF subfields, we were able to quantify their spatial relationship and demonstrate that they widely overlap in most neurons. It is estimated that 70 -80% of mouse RGCs are ON-or OFF-centered cells (Tian and Copenhagen, 2003; Liu et al., 2007) , whose receptive fields are of similar size as those of the SC neurons (Balkema and Pinto, 1982; Stone and Pinto, 1993) . Because each SC neuron is estimated to be innervated by approximately six RGCs (Chandrasekaran et al., 2007) , the converging inputs must contain balanced ON-and OFF-centered cells with overlapping receptive fields. Consequently, developmental mechanisms must exist to map neighboring ON-and OFF-centered RGCs onto the same SC neurons. In support of this idea, it was observed that fewer SC neurons showed both ON and OFF responses in mutant mice that have altered spontaneous retinal activity during development (Chandrasekaran et al., 2007) . In other words, correlated activity may be able to converge neighboring RGCs onto the same SC neurons.
We studied the tuning properties of individual SC neurons in response to drifting sinusoidal gratings. Only one study had previously investigated direction-selective responses in the mouse SC (Dräger and Hubel, 1975) . Using moving spots, they found 11 of 46 cells (24%) in the superficial layers to be direction selective, slightly less than the percentage we observed (30%; with DSI Ͼ 0.5). Interestingly, they noted that most of these cells (8 of 11) and all of the selective ones in deeper layers preferred upward motion (Dräger and Hubel, 1975) . We did not observe such a bias in preferred directions, possibly because of the difference in the used stimuli and/or the limited sampling in the early paper. Consistent with the mostly unbiased distribution that we observed, RGCs that prefer each of the four cardinal directions exist in the mouse retina (Elstrott et al., 2008) and project to the SC (Kim et al., 2008; Huberman et al., 2009) . Whether and how these RGCs contribute to the direction selectivity of individual SC neurons remain to be revealed in future studies.
We found that a number of superficial SC neurons display orientation selectivity, a tuning property often associated with cortical neurons. We demonstrated that a similar level of orientation tuning persists in the SC in the absence of any cortical inputs. Therefore, orientation selectivity in the mouse SC must result from retinocollicular and/or intracollicular circuits. Because most SC neurons have overlapping ON and OFF receptive fields, the neuronal mechanisms underlying their orientation selectivity must be different from cortical simple cells, whose selectivity is thought to be determined by the spatial arrangement of ON-and OFF-centered geniculocortical inputs (Priebe and Ferster, 2008) . It is therefore both important and informative to study the synaptic basis and developmental mechanisms of this and other tuning properties in the mouse SC. Our current data provide the necessary baseline information for future studies that will particularly benefit from genetic methods.
Cortical influence and experience dependence
In comparing collicular and cortical properties, we found that more cortical cells are selective for stimulus orientation and direction and show linear responses than collicular cells. A more relevant comparison is with layer 5 cells, since they are the ones projecting to the SC (Rhoades and Chalupa, 1978) . Layer 5 cells are less selective and less linear (Niell and Stryker, 2008) , more similar to SC neurons. This raised the possibility that cortical inputs may contribute to or modulate SC properties. Indeed, removing cortical inputs resulted in a decreased overlap between ON and OFF subfields, consistent with the vast majority of layer 5 cells being complex and presumably having overlapped ON and OFF receptive fields (Niell and Stryker, 2008) . Another consequence of removing cortex was a change in preferred spatial frequency distribution. Although these changes clearly demonstrate that cortical inputs are functional in the SC, many collicular properties, such as orientation selectivity and linearity in our studies and size preference in the study by Chandrasekaran et al. (2007) , do not change on cortical lesion. These results therefore provide essential foundation for future studies to dissect the specific contributions of retinocollicular and corticocollicular circuits to the function and development of the SC.
We find that long-term visual deprivation causes changes in response polarity and spatial frequency preference. These changes could result from deprivation-induced changes in the retina. However, this possibility is unlikely because dark rearing is known to increase the number ON-OFF-centered RGCs (Tian and Copenhagen, 2003; Liu et al., 2007) , opposite to the effect seen in the SC. The effects of dark rearing on SC neurons could thus result from changes of cortical inputs and/or intracollicular connections. Remarkably, dark rearing did not alter orientation/ direction selectivity or subfield size in the SC. In V1, long-term visual deprivation is known to disrupt the normal development or maintenance of these properties (Chapman and Stryker, 1993; Fagiolini et al., 1994) . This difference may be attributable to different developmental time courses of the two structures. Studies in rats have shown that SC receptive fields around the time of eye opening had similar sizes (Binns and Salt, 1997a) and direction selectivity (Fortin et al., 1999) as in adults, whereas V1 receptive fields are still immature (Fagiolini et al., 1994) . Consequently, there should be less experience-dependent refinement in the SC than V1. In hamster, even though there is a prolonged process when SC receptive fields become smaller after eye opening, this process does not require visual experience (Carrasco et al., 2005) . Together, these studies and our data argue that visual experience plays a limited role in the development of SC receptive field properties.
Comparative analyses of SC receptive field properties
In contrast to the scarcity of functional studies in mice, the SC has been extensively studied in many other species. Like in mice, SC neurons in primates, cats, hamsters, and rats have mostly overlapped ON and OFF responses, although their receptive fields are smaller (McIlwain and Buser, 1968; Cynader and Berman, 1972; Rhoades and Chalupa, 1977; Prévost et al., 2007) . In all of these species, SC neurons decrease their responses when the stimulus increases beyond an optimum size (McIlwain and Buser, 1968; Schiller and Stryker, 1972; Girman and Lund, 2007) . The abundant GABAergic inhibitory interneurons in the superficial SC (Mize, 1992 ) may contribute to the size tuning. Importantly, these properties are consistent with the function of the SC, which has been well established as the visual structure necessary for orienting movements in hamsters (Schneider, 1969) , cats (Harris, 1980) , and monkeys (Schiller, 1972) . Such orienting behaviors require head or eye movements toward spatially compact stimuli regardless of whether they are brighter or darker than the background. Another relevant property seen in the mouse SC is the selectivity for motion direction, which is also observed to varying degrees in cats (ϳ64%) (McIlwain and Buser, 1968) and monkeys (ϳ10%) (Cynader and Berman, 1972) .
In contrast, the orientation-selective responses seen in mice are not observed in cat or monkey SC, but seen in the more closely related rats (Girman and Lund, 2007; Prévost et al., 2007) . In addition, SC cells in mice are tuned to higher spatial frequencies (ϳ0.08 cpd) (Fig. 4) than neurons in their dLGN (ϳ0.03 cpd) (Grubb and Thompson, 2003) and V1 (Fig. 6) (ϳ0.02) . This is different from what is seen in cats and rats where V1 neurons are tuned to higher spatial frequencies than SC (Movshon et al., 1978b; Pinter and Harris, 1981; Girman et al., 1999) . The presence of orientation selectivity and preference for higher spatial frequency in the mouse SC suggest that the SC may not only be important for orienting behaviors but also, conceivably, play a larger role in mouse vision.
In conclusion, we find that the superficial SC neurons in mice have diverse and complex functional properties. With the simplicity of being just one synapse away from the retina and the ability to specifically alter gene function and activity, the mouse SC promises to be a powerful model system for vision research.
